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whole class of novel solid state materials. Thus this issue is extremely important and
must he i]nwstigated in a thorough and definitive manner.

\IODEL

To anal}.m the effects of off-diagonal Coulomb t mm in quasi-one-dimensional
systrrns. \ve collsi(lrrthe n]odifie~lPcicrls-HtlLbar(lHtuniltoniancontaining~ nearest

neighbor interactions [2.3.4,5]

m-l~ere])~a = c~actmand l?t,f+l = X.(4 .~t+1 u+~:+l ~~cu). In H, tO is the hopping

int (’grill for the uniform Iatt ice. a is the elect ron-phonon coupling, tit is the relative
(Iisplacwncnt betwtwn t 11(*ions at sites / and t’+ 1, K represents the cost of distorting
IlK~lilt t ice, aml [’. 1’, -Y, and 11“model the elect mm-electron interactions. [7 represents
t lW on-site Coulomb repulsion. and 1‘ the nes-rest -neighbor repulsion. .Y is a “mixed” .
tmm inv(dving both on-site and bond-chmge elfects, and W’ is the pure bond-charge
ri’l)lllsitul. TIN* Imnwncc of s~wll tmms follows d;rcctly from the original many-body
llillllilt(Mli:lI1. inrlll(lilqig ColilOIllb intmactions; the explicit derivations are available in
tlw litmmture [:?.5,G,7]. t“, 1’, md all the longer-ranged _ terms will always
umt nill cent ril~llt i(ms dqwndcnt only on the range of the electron-electron potential,
\vlwrtws 11- mltl .V nr~~sllppressrd by t hr atomic orbital overlap. This is the origin of
t INSfnlllilinr rrs~llt that for nnrr(nv lxmds the diagonal Coulomb tcims are dominant.
Iii n\7*\x*r, twwl if t IIr IMUK1is Ilot Ilnrrow. if thc potential is not strongly screened, one
sti]l vslwrrs tllr (lingoll~l ttmns to ho m(mr ilnpm-tant numerically than the off-diagond
1(’I-IIIS, JJ.IwI1 t lW (df-[ling(mnl t rrnl~ nrr not a priori negligible, the central issue is the
(IXI(’litto which t lwy ]m)(llwc rwll!ts qmlitntiwly different from those prwiictrd in
tll(jirill N(’ll(W1m T() iUlSW9(’t’ t Ilis (Ilwst ion corr(’ctly, it is clear that wlmtevrr the relative
\“:llllt’s of ~“,.y, [IJ1(l It. (MN* ~ anticipate that U > V, .Y, IV and hence must ndopt
ii IIi(ItII(NI t lult giw’s r(mcct r(wult.s in this pnrmnwtm regime. Since in many matt=riuls
[)11(’ (Wl)wts L’ = 4/(), to lx’ crrt nin of the rwults one should me (nurnmicdly ) exact
lllilll~-l)()(l~ nwt 110(1s kfmwn to lw r(’linhlc ill the interlll(’dimtr-cotlpliilg regime, thmlgh
[’x~llllillill~ \wriol.ls Iilllitillg cn.sw givrs ~l,wf~d insigl~t into tim exact n=sultti. Indeed, to

,q:li[l ilwi~llt into ollr lntm mm-t (li[~golllllizl~tioll” rmults, wr iwgin with nn nnalysis of
fIMI<ll’t,llg.~’fl~l])lillgIilllit.

S ~l{()~(; (’01’ I’LIXG PERTL’R13ATJON THEORY



where t& = J(to – 2.\-)~ - Tl-([- – 1“) and a’ = n(to – 2-V )/t~. For given to and
-Y, since the effective t: decreases with 11’, the effective ~lectron-phonon coupling
?rA’ = ~~’2/W ti~= es with 1}” due both to the incre~ in o’ and the ~lrcrease in
t~. This leads to the initially surprising conclusion that, for large [’, the dimerization
should initially incrmsc with 11-. thr hon~l-rharge rq>ulsifm.

lflen 11- rmches a crit ica! value 11-. 2 \ tO – 2-Y )2/( L’ – 1- ). tht’ spin coupling
becomes -magnet ic. The spins \vill then trnd to ali~n. ffmning a ferromagnetic
SL)lV with -l.St - S(+l a 1 . The minimum cnrrgy configuratiml then has At = O. and
the ground state is an undimerized ferromagnetic SDIV. Tht- resulting phase diagram
is shown in Fig la,

Fig. 1. The plmse (Iiagrrml as a function of 1‘/t and 11”/t for intermediate coupling
[“ = -it = 411J - S.Y (ii) from strong-coupling perturbation theory and {b) for dw
llillf-fill~(l dinwr.

ANALYTIC RESULTS FOR A DIIIER



.4srilenotation suggests,the firstthree states are. res~~ectively, the 5, = +1. – 1. am!
O components of tile spin t ril~let stat e and, by the spin symmetry of H, must all have
the same ener~v. The state 10,0> is a spin-singlet made entirely from singly-occupied
st [it es. while [S > and 1.-1> are. respectively, spin-singlets made from symmetric and
imt isynlnwr ric c.(mlhinations of the two states involving double occupancy, Trivial
algebrca leads to t 11(’folk”ing results: ( 1) the triplct st aths are degenerate eigtvlst ates
t)f lfd. wit 11 t~i,qcnvid~le ET = 21”; (2) rite statt’ I.-1 > is also an cigenstate, with
rigenval[lt’ L‘: and (3 ) the states 10 > and /S > arr coupled. with the two eigenvalues
E* = STJ-+I!./2+l-+A/2 where A = (([-– N”)~+(strJ– lG.%)2)’/z. The ground state
‘phase diagram’. for the dimer follows immediately by comparing these eigenenergies.
For L’ s C“ = -lt (intermediate coupling), this diagram as a function of It’/t and I,’/t
is shown in Fig. lb. For small values of 11”, the state E_ is always the ground state.
This state. which in the absence of c-e intmactions is just the k = O band state,
corresponds to the ‘mclinlerize(l/B OIV”’ phase and indeed, in the larger systems shows
mm-zero ii-ilum of t hc dimerization. In the region bo~mded by AB and DC, the triplet
state is the ground state: this corresponds to the ferromagnetic SDW phase found in
larger systems. Finally. in the region bounded by BC and BD, the ground state is the
stat c I.-1 >; this corresponds to the CDW phase in larger systems.

.
DI.AG RESULTS AND DISCUSSION

In the rrgion of iutermcdiate e-c coulding anticipated to apply to many novel
nmtcrinls, \ve have ctilculatcd numerically the “exact” ground state of 4, 6, 8, and 10
sit t=rings described by the Hamiltonian ( 1) using a version of the Lanczos method [9];
drt ails \vill br p~~blishml elsewhere [5]. \%’c use the conventional SSH-polyacet ylene
pmanwtcrs n = -i.lt:V/;~, Ii = 21cJ’/.~2, and tO = 2.5eV. We focus on the phase
(Ii;tgrnlll iLS a function of 11”and 1’ nt fixctl [’ = Lro. Surprisingly, even for intermediate e
rouldillg i,lAr prill~ary t’ffcct of .Y is nlerely to rcncxmalize tO, The details of remdts

inrlu(ling tile .Y trrn~ are reported elsewhere [5].
Fig. 2 slmws the phnse dingram for an 8-site ring; comparison with 4-, 6-, and

lo-site rcsldts. }L;well ;LSt hc analytic strong coupling and dimcr predictions, suggests
this tlingrnnl rrfirrts tlw ii~fiuitc. ring brhuvior. The phase boundaries in Fig. 2 in
grmmd rcfkrt R “first order transit ion” in the dimerization order parameter, JO: that
is, tlwrr is a smhlrn qutditntivr changr in the nature of the ground state, and 60 drops
v.llll(>st inlnmlint(’ly from n finite valur to zero. However, for short segment of ‘he
13(lJY/CID\V Ixmndury near 1}’ = O -- the rnnge is roughly O < W <0.1 --- the
~rwwit i(;l~ Iwr[mws swoml order, Excrpt f~}r this short srgnmnt. the dimerized phase
Ims INM1-zm) (hllwriznt ion on its I)f:lm[lary.

Ill Figs. 3 WI(I 4 wr show thr [q)tillml (Iiuwrizmtion hO versus W when [’. =
4/,)( = 10(’\. ), 1“ -= () 111!(1T“’= 3v1r’, rrsprctivcly. Xt]tr tilt! distin( t ion Iwtween “Jtdm-
Tt’lh’r’” ( 4.V ) nlltl “[lotl-J~i~tl-T(’ll(*r’” ( 4.Y + 2) systems persist~ even away from the
I)illl(l tllfvwy Iiulit, It Idw) suggrsts tll~t systrms with ,V ~ 8 fur nww the convmgml
Imgv .Y 1)~’lmvitw. Illriiimltnlly, the (It)ltc(l rrgi(m~ f)f the 4-sitr ring rwndts reflect the
IIil]l(’riziltitul ~IIM’rvr(l in tlw 130W l~ll:ww. H(nvrvm, t hr m-t A ground state of thr
II sift’ s!-stvill nt vhl IIfvi of l!” ill tlllvw’ (hdt(wl r(’gi(~lls is ILtliffrrrnt, snmll-rirq plmw,
u’l~it.11(I(M*sl~f~t n~y}(wr ill t lw bugrr rings. TINni tlw s(di(l linr f(w thr 4-site systwt~.
\vllit.11 slltnvs t Iw (Iilllrriznti{)l] gf)illg tt) mro ut rrlnt ivr]y sllmll vldmw of JV, nltll{)llgll
*I li~’tly (.~}lr(v.f, is cs.srliti;d]v ml nrt ikt t~f t lw SIILUIIsyst[vl~ sin’, Ttw (hlttml lim’..
\vllit.11 l’~l]li~”itly iglltmvi this slimll.rillg ~)ll[wt’ ilIl(l ~)hlts tll(’ tlillwrizhtioll Iwwullitig tlN’
Ilott” St iltc~ rrllmills t 11~’gr(NuI(l stiit(~ Illltil t 11(*trmlsit i(m t[) H f~’rri)llltigt~(’ti(. SDIV,
slitms IINNVrhvwly t~w tnw fillitr sizr f*t~~*rfs[Ml 11”,.IUN1Al) vs. 11”,



Fig. 2 (left): The phase diagram as a function of T’/to and tY/tO for intermediate
coupling LT = 4#o = 10el’, and .Y = O. Phase boundaries are plotted for a 8-site
ring. The ground- state changes discontinuously across solid lines, smoothly across the
dotted line.

Fig. ‘3 (right): Dimerization as a function of lk’/to for U = 4to = 10eV and V, .Y = O
for 4-, 6-, 8-, and 10-site rings. For the 4-site ring, the dot tcd line gives results for the
lowest energy dimerized state even though for this small ring the ground state is not
dimerized for intermediate values (0,10 < ll-/to < 0,225) of lV/to.

Fig. 4 ( lvft ): Dimrrizhtion m n funrtitm of 11’//,, for [“ = 4/() = l(kV, 1“ = 3(~V, ;uIII
.Y = () for 4-, 6-, 8-, and 10-sitr rings, TIN’ 4-site ring is not dinwrizwl for iIltf*rIl~(*~li[ttf’
VIL]U(’H (().16 < ~\’/~u < ().~g) {Jf I\”/l(J.



The dimerized/BOJV phase persists for a substantial rmlge of Cmllomb repulsion.
both diagonal and oi?diagonal. Indeed. dimcrization increases monotonically with l\-
before dropping rapidly to zero in a ‘first. order phase transition” at It- = 11-= in
agreement wit h the s t rcmg coupling arguments above. In particular. as shown in Fig.
3. even for 1’ = 0, 11- does not destroy dimerizat ion until 11-== 0.6c.l- ~ 0. 25t0. For
0<1’< [’./2. the dimerized phase persists until still larger values of 11-, and again 11.
increases dimerizat ion (slightly) until the BO\V/Fll SIJJV boundary is reached (Fig.
4). Xote the increase in IF= relative to 1“ = O as expected from the strong coupling
arguments above. The existence of real materials with 1}” > 11”, rrmains an open
quest ion; it is conceivalde that the recently observed organic ferromagnetic materials
may be modeled using parameters in this range. However. for (C’lf )= and the other
conjugated pol}-rners. the experimentally observed dimerization requires. within the

model Hamiltonian, It- < It’C. Importantly. one still finds dimerization for strong,
intcmally consistent Coulomb interactions; the assumption of weak e-e interactions
is w required. This is fortunate. for in the case of (CJY)r. such an assumption
Rppears inconsistent \vitli both observed spin density ratios [10] md optical absorption
involving neutral and charged solitons [If].

Incre=ing 11-. of course, must suppress bond-charge correlations. In Fig. 5, the
bond-charge corrrlat ion. average bond charge, and dt(?lnatin~ bond charge are plotted
as a function of 11- for intermediate coupling, ZTo= 4tJ and 1“ = O, on the 8-site ring.

z D~l+l, which couples directly.4s cxpectm.1, the bond-charge correlation, (132) = ~ ,
to 1}” in the Hamiitonian, is suppressed monotonically as 11- is turned on. Counter
to simple intuition, however, the nveraze bond charge, (13) = ~ ~ BI,I+l, does @
fall off as dramatically as the correlation and indeed, for small IV, the bond charge
stays remarkably flat. Meanwhile, the ~tema~ bond charge, which is related to the
dimerization by (13’) = * X(–) ’1%1+1 = K6/cr, ~ with IV, as we have seen
earlier. IN sum, nlt bough 11- does suppress bond-charge correlations, the effects on
average and alternating bond charge are quite different, and, in particular, we observe
that It- mdmnccs the climerization.

.Although the off-diagonal terms produce only minor quantitative effects on dimer-
izat ion, for other ohscrvables they can have important qualitative consequences. The
mixrcl lmnd-site term .Y breaks charge conjugation/particle-hole symmetry; its inclu-
sion in modrls of ( CH ]Z may thus help explain the puzzling “intensity anomaly” in

I>(]laron/l~ip{Jlarorl optical absorption [11] experiments and also the ratio of neutral
(sO- S0) to cllargecl (S+ - S-) scditon pairs in the decay channels of electron-hole
pairs in photo-rxcit at icm of m-( C’H ). [if], In bot h t hese cases, the -Y term may well
Iw more important than the straightforward next-nearest neighbor hopping term, tz;
Ivithin a tight-binding model, t2 x c - ‘Oato. Further. when .Y terms are included in H,
t lAehopping in effect acq[lircs a Imncl-filling dependence; this may be qllite significant

iu apldying Hubbard-like models to situations other than the half-filled band,
Finally. we turn to the gcnero.1 issue of the applicability of the standard Hubbard

Inmlrl. Herr it is mdul to pltwr our work in the context of several recent articles that,
ill onr w~y or nnot hm, hnvr rm’isit~d the original analyses [6,7,1?] that justified the
“zero (lilf(~rrllt i~d (nwlnp” ttpproximat ion that neglwts off-diagonal terms. The simplr.
illt {lit iv(’ a.rglunonts ft]r r-r illtmnrtiolls sllpprcwsing (Iilnrrizati(m, Ixwml on first -(mlt’r
~~(~;~k-t.[~lll)lillgprrt Iu-lmt i[)tl t im]ry [2], nr~ not l~~ml ()~lt I)y ltl(m~ [M,ailm] calculation.

.41tllollg11 olm st llfIy focll.sml I’xl)licit ly on n ( Illllnrrirldly) ~ Alltion for) slmrt-
t’iill~(’(1 (7011101111)”(.!fwts, illv(d~”illg only (m-sitr Iul(l nvfirrst ;wighl)or illtmartionsq mlr
rmu]ts nrr c(msistvllt with two rvcrnt wuint i(md stmlies [13] illv(dvillg (qqm)xillWr )
s(dllti(~lls for t Iw ftlll ( scrivvw(l) Colilmnb intmnrt i(m. For t hr rxlwctm] region of lm-
ivulwtcrs, tlw vnrintiolml rrsults (UI tlw full C’(ml(mAl)proldfwl nrf’ coilsistrtit with rtirly

(Glltzwillrr ) wwint i~)llid rILI tllot itms ill t hr l;llrc H~ll$mr(l ni(Nlrl [14]. III slmlllmry. t Iw

.



familiarHubbard and extended Hubbard models remain validand usefultheoretical

startingpointsforunderstanding the roleof electron-electroninteractionsin a variety

of novel realmaterials.
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